XerC and XerD are two site-specific recombinases, which act on different sites to maintain replicons in a monomeric state. This system, which was first discovered and studied in Escherichia coli, is present in several species including Proteus mirabilis, where the XerD recombinase was previously characterized by our laboratory. In this paper, we report the presence of the xerC gene in P. mirabilis. Using in vitro reactions, we show that the two P. mirabilis recombinases display binding and cleavage activity on the E. coli dif site and the ColE1 cer site, together or in collaboration with E. coli recombinases. In vivo, P. mirabilis XerC and XerD are able to resolve and monomerize a plasmid containing two cer sites, increasing its stability. However, P. mirabilis XerC, in combination with E. coli XerD, is unable to perform these functions. ß
Introduction
The Escherichia coli Xer system reacts on speci¢c sites such as the dif site found in the terminal replication region of the chromosome, the cer site found in ColE1, or the psi site from pSC101 [1, 2] , to maintain these replicons in a monomeric state (reviewed in [3] ).
This system comprises two enzymes, XerC and XerD, which belong to the integrase/tyrosine recombinase family [1, 4] . Sequences similar to the xerCD genes are found in many bacterial genera (reviewed in [5] ; and see as example the tyrosine recombinase website : http://mywebpages. comcast.net/domespo/trhome.html). They have been found in Gram-positives, such as Bacillus subtilis [6, 7] , Lactobacillus leichmannii [8] , Lactobacillus casei (Flandin and Szatmari, in preparation), Staphylococcus aureus or Streptococcus pneumoniae [9] , as well as Gram-negative bacteria, such as E. coli and other Enterobacteriaceae [10] , Pseudomonas aeruginosa [11] , Haemophilus in£uenzae [12] , Vibrio cholerae [13] , and many others.
In 1968, Goebel and Helinski demonstrated the multimerization of the ColE1 plasmid in Proteus mirabilis strains [14] . Considering this result, we could expect either that this species does not contain an e⁄cient multimer resolution system, namely the Xer system, or that this system is not functional on the cer site. Such a result would be surprising considering the importance of this system in E. coli and the phylogenetic link between this species and P. mirabilis. It was shown that Xer sites may be recombined in P. mirabilis. Despite this observation, these plasmids displayed a high degree of multimerization and were rapidly lost from this host [10] . We have already cloned and sequenced the P. mirabilis xerD gene. Although highly similar to the E. coli xerD gene, it has been shown to poorly complement an E. coli xerD mutant. We demonstrated this was not due to ine⁄cient binding to the cer site used in the test, as was shown by a gel retardation assay [15] .
In this paper, we report the cloning of the P. mirabilis xerC gene and the characterization of its product by DNA binding assays, complementation tests and in vitro recombination reactions.
Materials and methods

Bacterial strains, plasmids and growth conditions
The E. coli strains and plasmids used in this study are given in Table 1 . The P. mirabilis strain was a clinical isolate (UM 240-82, see [10] ). Bacteria were grown in LB broth or plated on LB agar containing antibiotics, 5-bromo-4-chloro-3-indolyl-L-D-galactopyranoside (X-gal) and/ or isopropyl-L-D-thiogalactoside (IPTG) as required. Ampicillin (Ap) was used at 100 Wg ml 31 , tetracycline (Tc) at 6.25 Wg ml 31 , kanamycin at 50 Wg ml 31 , X-gal at 40 Wg ml 31 .
DNA manipulations
All routine DNA manipulations were performed as described in [16] and [17] . DNA puri¢cations of extracted fragments from agarose gels were done with Sephaglas BandPrep kit (Amersham Pharmacia Biotech) or with QIAquick Gel Extraction kit (Qiagen). Southern hybridizations were done as described in [10] .
Restriction enzymes, Klenow fragment of E. coli, T4 polynucleotide kinase and T4 DNA ligase were obtained from New England Biolabs (NEB). Shrimp alkaline phosphatase (SAP) was from Roche Diagnostics.
DNA sequencing
To clone the P. mirabilis xerC gene (xerCPm), the same polymerase chain reaction (PCR) conditions were used as for P. mirabilis xerD (xerDPm): using degenerate primers, PCR was performed to amplify a 450-bp fragment, which was shown to be di¡erent from that obtained for xerDPm [15] . Inverse PCR was then carried out as previously described [15] , except that genomic DNA was digested with PstI before proceeding to the ligation further used for inverse PCR. This PCR was done using a Biometra thermocycler with 100 pmol of the following primers : PrC2 (CTTTACCTAATACTCGGACTTC) and mirC2 (CTC-TTTTGCCACTCATTTAC) and cycling conditions: 94 ‡C/30 s, 52 ‡C/1 min, 72 ‡C/2 min for 30 cycles, with a ¢nal extension at 72 ‡C/5 min, using Taq polymerase.
To con¢rm the sequence of xerCPm, PCR was performed on genomic DNA using 100 pmol of the following primers: PmcF (CAAGAAGGTATGGGAACG) and PmcR (CGGATAAACGCTAAGGTC). Cycling conditions were : 95 ‡C/15 s, 52 ‡C/30 s, 72 ‡C/45 s for 30 cycles, with a ¢nal extension at 72 ‡C/5 min, using Vent polymerase with a Hybaid thermocycler. The xerCPm sequence was subsequently submitted to GenBank (accession number AF033498) after sequencing the PCR product with an ABI 373 autosequencer using the following primers: PmxercF (GGATAAACTCGCGCAG) and PmxercR (CCATCACAGGAACATTGTC).
Another ampli¢ed PCR product was used (using Taq polymerase with primers PmcF and PmcR) to obtain clones with xerCPm in plasmid pTZ-PC (see [15] ). These clones were used to construct other plasmids for complementation tests.
Protein puri¢cations
xerCPm was ampli¢ed by PCR with 100 pmol of the following primers: Prc5P (GATCGCAAGCATATGAGC-CA) and PmcR. Cycling conditions were exactly the same as for sequence analysis. Once puri¢ed, the product obtained was phosphorylated with T4 polynucleotide kinase and inserted into pMal-c2 digested with XmnI, and dephosphorylated with SAP followed by an overnight ligation with T4 DNA ligase. Once the clone (pPmC mbp ) was obtained and its sequence veri¢ed, it was transformed in DS9029. 5 ml of an overnight culture was used to inoculate 200 ml LB Ap medium and cells were incubated at 37 ‡C to reach an optical density at 600 nm (OD 600 ) of 0.6, then induced with 0.2 mM IPTG for 2 h. Once harvested, pellets were resuspended in column bu¡er (20 mM TrisĤ Cl pH 7.4, 200 mM NaCl, 1 mM EDTA), freeze-thawed and sonicated. Supernatants were passed through an amylose column prepared according to [17] . Elutions were done using the same protocol, except that one more step of washing in 20 mM Tris^HCl pH 7.4, 1 M NaCl, 1 mM EDTA was performed before washing with column bu¡er and eluting with 10 mM maltose in column bu¡er. Most of the protein eluted in the ¢rst fraction and was more than 80% pure, as visualized on a 12.5% sodium dodecyl sulfate^polyacrylamide gel stained with Coomassie blue [18] .
His-XerDPm (P. mirabilis XerD fused to an amino-terminal His tag) was induced from pMVD72 in HMS174(DE3) as described in [15] . MBP-XerCEc (E. coli XerC fused to the maltose binding protein (MBP)) was induced from pGB500 in DS9029 and puri¢ed as for MBP-XerCPm. XerDEc (E. coli XerD) was induced from pRM130 in BL21 pREP4 with 0.2 or 0.5 mM IPTG for 2 h at 37 ‡C. It was then puri¢ed as described by [19] on a His-trap column from Amersham Pharmacia Biotech, omitting the MonoS column step. E. coli ArgR was expressed and puri¢ed from pDB169 in DS955 recA 3 , essentially as described in [20] . E. coli PepA was expressed and puri¢ed from pCS126 in DS955 recA 3 according to [21] , omitting the ¢nal dialysis step. Pellets were resuspended in high salt bu¡er (1 M NaCl, 10 mM MgCl 2 , 10 mM Tris^HCl pH 8.0), and stored in high salt bu¡er containing 30% glycerol. Protein concentrations were determined by a Bradford assay.
DNA binding assays
Gel shift assays were done as described by Blakely and Sherratt [22] using TENg bu¡er (20 mM Tris^HCl pH 7.5, 1 mM EDTA, 50 mM NaCl and 5% glycerol) with 1 Wg polydIdC-polydIdC (Amersham Pharmacia Biotech) and dif-dig or cer-dig. The cer site was dig-labelled by a PCR reaction with pKS492 using 100 pmol of the M13F-40 and M13R-48 primers, and a 102-bp fragment containing the E. coli dif site was dig-labelled from a PCR reaction using 100 pmol of the following primers: difF22 (CA-GAAAAGCACTTCGCATCAC) and difR4 (CAATCAT-GACCGCCAACGAC). Both substrates were gel puri¢ed.
Reactions were performed for 10 min at 37 ‡C and electrophoresed at 4 ‡C on a 6% polyacrylamide gel in 1UTBE bu¡er at 8 V cm 31 . Gels were then transferred onto Gene Screen Plus (NEN1 Life Science Products) positively charged nylon membranes and UV cross-linked. The transferred DNAs were detected using standard dig detection methods (Roche Diagnostics), with CDP-Star (NEB), followed by exposure to Super RX Medical X-ray Film (Fuji¢lm).
In vitro recombination reactions
Reactions were performed as described by Colloms et al. [23] in 45 Wl of reaction bu¡er for 1 h at 37 ‡C. Xer proteins and E. coli ArgR and PepA were used at the same concentrations as in [23] . DNA was further digested with EcoRV for 1 h at 37 ‡C before analysis on a 1% agarose gel in TAE bu¡er. Gels were then transferred onto Gene Screen Plus membranes, which were hybridized with a dig-labelled cer site and detected in the same way as in binding reactions.
Complementation and plasmid stability tests
Monomers of pCS210 were puri¢ed and transformed in DS9029 with the TransformAid kit (Fermentas). Plasmids pEcCD, pPmCEcD, pPmDEcC, pPmCD and pUC19 (see Table 1 ) were then transformed in this strain. Plasmid DNA was isolated by a standard alkaline lysis method and about 400 ng of each extraction was electrophoresed on a 1% agarose gel at 2.36 V cm 31 for 12 h. The gel was transferred onto Hybond1-N+ (Amersham Pharmacia Biotech) positively charged nylon membranes and hybridized under stringent conditions using the dig-labelled Tc R gene of pCS210. Final detection was done as for binding reactions.
To verify the stability of pCS210 in the di¡erent strains according to the xer genes involved in cer resolution, the strains were grown in LB medium containing only ampicillin to maintain the xer clones for a period of 5 days (about 100 generations). Plasmid DNA was extracted each day, and dilutions of the overnight culture were plated onto LB-Tc-Ap agar and LB-Ap agar media for the determination of colony forming units (CFU). In addition, 50 Wl of 10 34 dilution was cultured in LB-Ap and grown overnight at 37 ‡C in order to obtain 20 generations of growth.
Results
Sequence analysis
It has been shown by plasmid recombination assays that P. mirabilis should have genes encoding homologues of recombinases XerC and XerD [10] . Indeed, our previous study demonstrated the presence of the xerD gene in this species [15] . The search for a xerC homologue in P. mira- bilis was made in the same way as for xerD, using degenerate primers to amplify the C-terminal region, followed by inverse PCR to obtain the remaining sequence. The deduced amino acid sequence of the gene found in this way possesses all of the conserved residues found in the tyrosine recombinase family. Moreover, it reveals the ESS motif indicative of a XerC protein [24] , and displays more similarities to XerCEc (63.1% identity; see Fig. 1 ) than to XerDEc (44.9% identity). The gene was then named xerCPm (GenBank number AF033498). The highest similarity between the two XerCs is found in the C-terminal domains (71.9% identity), where the catalytic tyrosine is found.
In vitro DNA binding and recombination activity
Considering the similarity between the P. mirabilis recombinases and those of E. coli, plus the fact that cer recombination was detected in P. mirabilis [10] , it was assumed that P. mirabilis proteins should recognize and bind to speci¢c sites normally recombined by the E. coli Xer system. To verify this, gel retardation tests were done with cer and dif using XerCPm fused to MBP. MBP alone was not able to bind to the speci¢c sites (data not shown).
MBP-XerCPm, like E. coli XerC, cannot bind to the cer site alone (Fig. 2A, lanes 6 and 7) . This is not the case for E. coli XerD ([1] and see Fig. 2A, lane 9) . It should be noted that even though we cannot see any retarded fragment with the concentrations used here for His-XerDPm (Fig. 2A, lane 8) , we have already shown that this protein can also bind to the cer site [15] . Nonetheless, higher retarded fragments were observed with MBP-XerCPm when in collaboration with both XerD proteins ( Fig. 2A, lanes 1  and 2) . However, it should be noted that the binding of MBP-XerCPm did not appear to be as e⁄cient as that of E. coli MBP-XerC used in collaboration with the two XerD proteins (Fig. 2A, compare lanes 1 and 2 with lanes  3 and 4) . Moreover, a strong retarded fragment indicative of a XerD binding alone to the site was observed with the mix containing MBP-XerCPm.
Similar results were observed with the dif site, except that MBP-XerCPm binds to it alone, like MBP-XerCEc, although less e⁄ciently (Fig. 2B, lanes 6 and 7) . When using mixtures of XerC-XerD recombinases, the complexes formed with MBP-XerCEc almost completely retarded the dif fragment (no matter which XerD was present); few bands appear indicative of His-XerDPm or XerDEc binding alone to the site. However, when a XerDEc-MBP-XerCPm mixture was used, a strong band indicative of XerDEc binding appears (Fig. 2B, lane 2) . This band was more evident than what was observed with HisXerDPm binding (Fig. 2B, lane 1) .
In order to further characterize the biological activity of the P. mirabilis recombinases, in vitro recombination reactions were performed.
E. coli Xer recombinases form Holliday junctions on a plasmid containing two cer sites in the presence of accessory proteins ArgR and PepA [23] . After digestion of the plasmid DNA having undergone the action of recombinases, this junction can be distinguished from the linear form of the plasmid in an agarose gel; because of its particular structure, it migrates more slowly than the lin- Fig. 1 . Amino acid sequence comparison between E. coli XerC (XerCEc) and P. mirabilis XerC (XerCPm). Gap alignments were done with GCG 0 Wisconsin Package 0 . P. mirabilis XerC shares 67% identity with E. coli XerC. Motifs I, II and III are as described by Cao et al. [32] . The catalytic residue (Y) is indicated by an open arrow, and the conserved residues R-H-R and K, by straight arrows. Vertical lines (M) correspond to identity, double dots (:) to a high degree of similarity and single dots (.) to a lower degree of similarity between amino acids. ear form. These Holliday junctions were obtained during in vitro reactions with pCS210 (which contains two cer sites £anking the lacZ gene [21] ), using MBP-XerCPm in the presence of His-XerDPm or of XerDEc (Fig. 3, lanes 1  and 2) with the puri¢ed accessory proteins ArgR and PepA from E. coli. The slight degradation of pCS210 observed in lane 5 (compared to lane 11 where pCS210 was not incubated with these proteins) is due to some contaminating nucleases in the ArgR and/or PepA fractions. Despite this, a fragment corresponding to the Holliday junction was detected in all cases where XerC and XerD were added to this mixture. The reaction giving the highest rate of Holliday junction formation was with E. coli recombinases.
Furthermore, the activity of cleavage was also veri¢ed by the topoisomerase activity on the dif site as described by Cornet et al. [25] (data not shown).
Complementation of E. coli xer mutants
Since P. mirabilis recombinases have been shown to be catalytically active on the cer site in vitro, the biological activity of P. mirabilis XerC was tested by an in vivo complementation assay. The test consisted of measuring the deletion of the cer-£anked lacZ gene from pCS210 in an E. coli xerC 3 D 3 mutant strain transformed with clones containing xerC and xerD from E. coli and/or P. mirabilis. When recombination occurs between both cer sites of the plasmid, the lacZ gene between the sites is lost, and in vitro, plasmids display a 3-kb deletion. Fig. 3 . In vitro reactions at cer. In addition to the Xer proteins added as indicated, all reactions were done with E. coli ArgR and PepA. Lane 5 contains pCS210 in the reaction bu¡er containing only E. coli PepA and ArgR (no recombinase), while lane 11 contains pCS210 extracted from DS9029 without any further treatment. Lane 6 represents fragments from the Gene Ruler marker (Fermentas) that were hybridized by the cer probe. Lanes 1^4 are reactions containing a mix of XerC and XerD from either P. mirabilis or E. coli, and lanes 7^10 are reactions with XerC or XerD alone. The fragment representing the putative Holliday junction appears and is indicated on the left. OC: open circular. L: linear form of pCS210. The two other fragments (about 4.9 and 3.1 kb) are the unrecombined pCS210 fragments obtained after EcoRV digestion. Fig. 4 . Complementation tests. Plasmids containing xer genes were transformed in an E. coli mutant strain for both xer genes (DS9029), containing pCS210. Cultures were grown for 5 days in a non-selective medium to measure pCS210 stability in this strain. A: Plasmid extractions. Plasmids were extracted the ¢rst day after transformation (D0) in the selective medium. After being transferred onto a membrane, pCS210 was detected by the dig-labelled Tc R gene. For plasmid designations, see Table 1 . The ¢rst lane is the positive control (pEcCD), lane 2 the negative control (pUC19: vector alone), and lanes 3^5 represent pCS210 obtained from strains containing clones pPmCEcD (lane 3), pPmDEcC (lane 4) and pPmCD (lane 5). cer-cer recombination in P. mirabilis deletes the lacZ gene found between the two cer sites, forming pCS211. B: pCS210 stability tests. The graph represents pCS210 stability up to 5 days (100 generations) in an E. coli xer double mutant strain containing xer genes from either P. mirabilis or E. coli (indicated under the graph). This graph represents the average of two di¡erent experiments. TA/A ratio indicates the number of CFU obtained on Tc-Ap plates versus the total number of CFU obtained on Ap plates. See text for more details.
The test was done with a clone containing xerCPm and xerDEc on the same plasmid (named pPmCEcD) in an E. coli mutant strain for both xer genes (DS9029) having a resident pCS210. Here, only native pCS210 was detected (see Fig. 4A, lane 3) , as if there were no recombinases in the strain (Fig. 4A, lane 2 with pUC19) . This indicates that XerCPm could not act with XerDEc to resolve pCS210. However, when both P. mirabilis xerC and xerD genes are put together in an E. coli xerC 3 D 3 double mutant, pCS210 resolution occurs as e⁄ciently as with a clone containing xerCEc and xerDEc (Fig. 4A, lanes 1 and  5) .
Finally, a similar result to what has been already published ( [15] and see above) was observed with a clone containing xerDPm and xerCEc (pPmDEcC): a partial resolution of pCS210 was observed (Fig. 4A, lane 4) .
Plasmid stability studies
In order to determine if P. mirabilis recombinases are able to ful¢ll their assumed role in plasmid maintenance, the stability of plasmid pCS210 in the absence of selective pressure was tested. Strains containing the di¡erent cloned xer genes described earlier and pCS210 were grown in media non-selective for pCS210 (without tetracycline), for about 100 generations. The only way for pCS210 to remain stable is by the Xer recombination system acting on cer. Over a 5-day period, the ratio between the number of colonies found on a selective medium for pCS210 and the total number of CFU found on the non-selective medium was deduced and plotted on a graph (see Fig. 4B ).
In Fig. 4B , a strain in which both xer genes are missing was not able to maintain pCS210 beyond 60 generations (control with pUC19). This was con¢rmed by Southern blot analysis (not shown). On the other hand, xerC 3 xerD 3 strains were able to maintain the resolved form of pCS210 for over 100 generations in the non-selective medium when a vector containing both xer genes from the same species was added to these strains (see curves with pEcCD and pPmCD in Fig. 4B ). In a similar fashion, clone pPmDEcC (containing xerDPm and xerCEc) was able to maintain pCS210 for about 100 generations. However, clone pPmCEcD (containing xerCPm and xerDEc) was not able to maintain pCS210 at all, as this plasmid was almost entirely lost after 2 days of growth. This was also con¢rmed by Southern blot analysis (not shown).
Discussion
P. mirabilis possesses xer genes, which encode proteins that can bind to E. coli speci¢c sites and show catalytic activity. Despite the high degree of similarity of these proteins with the E. coli xer genes, XerCPm cannot act with XerDEc to complement an E. coli xerC 3 xerD 3 strain. In fact, under these conditions, plasmids containing a cer site are lost at a slightly higher rate than the non-cer containing control. This di¡erence, although slight, was reproducible.
The observations of Goebel and Helinski [14] on ColE1 multimerization in P. mirabilis were not seen in our complementation studies with E. coli xer mutants, suggesting that this phenomenon may be due to some other Proteus protein(s). Further studies currently under way in our laboratory using P. mirabilis xer mutants will help us determine whether this phenomenon is related to xer or not.
The inability of a cloned xerC from P. mirabilis to complement an E. coli xerC mutant for cer-cer recombination is surprising, considering the fact that XerCPm binds to the cer site in collaboration with XerDEc and that a Holliday junction was detected in in vitro reactions using these proteins (Fig. 2A, lane 2 and Fig. 3, lane 2) . Moreover, xerC 3 complementation has been observed with the more distantly related sss gene of P. aeruginosa [11] . Functional complementation of xer mutants has also been previously described in Salmonella typhimurium (for the cer site, [26] ) and in H. in£uenzae (for the dif site, [12] ).
This non-complementation problem could simply be due to the fact that the P. mirabilis XerC protein is larger (311 aa instead of 298 for XerCEc) and that there is a maximum of divergence in the N-terminal sequence of the protein (47.2% identity between both XerCs). These di¡erences could also a¡ect the cleavage at the cer site and so limit the formation of the Holliday junction, or reduce the recognition of the site needed for e¡ective binding. Furthermore, we cannot ignore the fact that the cer site is speci¢c for E. coli recombinases, and not necessarily for those of P. mirabilis.
However, because in vitro tests showed catalytic activity of XerCPm in collaboration with XerDEc and with accessory proteins from E. coli, it is possible that the problem stems from the Holliday junction formed by XerCPm. The conformation of this junction formed may not be a good substrate for the protein which resolves this junction. In fact, for E. coli recombination at cer, XerD does not resolve the Holliday junction formed by XerC, even though it is required for XerC's catalytic activity [23] .
Studies on the further resolution of the Holliday junctions formed by XerCPm/XerDEc, as well as their formation in P. mirabilis xer mutants, should help to shed some light on the unique characteristics of this structure.
